Instrumentation, structural modeling, and model updating are incorporated into the design and construction process of a multi-span bridge to change the paradigm of traditional bridge design to a long-term bridge design. A continuous three span composite steel stringer bridge in Barre, Massachusetts was used as a pilot bridge. A monitoring system was installed in order to capture structural behavior during construction and into the service life of the bridge. Strain data from the steel girders was collected during the concrete deck pour. Two finite element models were created using shell/solid elements and frame/shell elements. Both computer model responses are compared with field strain measurements of the full scale bridge during the concrete deck pour. Both the shell/solid and frame/shell FEMs produced close estimates of the measured strain data. Modeling assumptions for boundary conditions and temperature effects play a major role in magnitudes of the analytical responses. In the future, truck load tests will be used for baseline model updating of the completed bridge. The structural model that reflects the actual bridge 3D system behavior can be used for load rating and overload permitting.
INTRODUCTION
Advances in structural analysis, instrumentation, data management, and reporting make it feasible to enable use of bridge design models throughout the life of the bridge. This new design procedure would incorporate the development of a "baseline" bridge model that could be used for structural health monitoring (SHM) of the bridge over its lifetime. Regular and effective use of SHM for bridges can provide more objective data on bridge conditions over time and lead to improved maintenance for more efficient use of limited resources. This approach has great promise at a time of aging infrastructure and limited funds for maintenance and repair.
While instrumentation of in-service bridges has gained popularity, it is neither plausible nor economical to instrument all structurally deficient bridges. As more bridges are replaced or undergo major rehabilitation, there is an opportunity to install instrumentation during construction, significantly reducing installation cost and increasing the benefit of the gathered information for SHM. This information can then be used throughout the life of the bridge for guided visual inspections and objective condition assessment. The short term costs of instrumentation and modeling will be outweighed by the long-term costs saved by making objective decisions regarding bridge maintenance, damage assessment, and rehabilitation options.
In January 2008, the National Science Foundation (NSF) selected a team of researchers from Tufts University, the University of New Hampshire, Fay Spofford & Thorndike, and Geocomp Inc. to participate in a project, "Whatever Happened to Long Term Bridge Design?" The goals of the project include evaluation of bridge design procedures to facilitate long term monitoring and development of structural health monitoring systems. To help achieve these goals, the research team, working in cooperation with highway departments in New England, proposed to develop a "baseline" analytical model of a highway bridge. This model would be as close as possible to a "perfect" analytical representation of the bridge's structural behavior, in contrast to the typical American Association of State Highway and Transportation Officials (AASHTO) analysis model with its appropriately conservative assumptions and elemental design approach. The baseline model would be updated with collected field data from the sensors installed on the bridge during construction. The comparison between analytical predictions and collected field data will facilitate the evaluation of bridge performance over its design life. This research will advance the development of procedures for deploying structural health monitoring programs that provide a more comprehensive and cost effective solution for bridge maintenance and managements programs.
In support of the NSF project, the Town of Barre, Massachusetts, in coordination with the Massachusetts Highway Department, granted the research team access to Bridge #B-02-012, Vernon Avenue over the Ware River in Barre. The research project includes the development of a structural baseline model of the bridge, instrumentation plan and monitoring program.
Current design methods account for "opening day" conditions. The bridge design code specifies rigorous, mathematical treatment of initial state requirements. Long term requirements such as future inspection, corrosion, and reconstruction are not generally treated as part of the rigorous design matrix approach. These issues are either dealt with subjectively by the design code or not at all. As a result, long term issues are dealt with over the bridge's life without the benefit of a rigorous design approach prior to construction. In the current process, the design essentially ends at opening day. The analysis and decision-making process that comprises the initial design is completed and filed away, often in a format that is difficult for subsequent interpretation and use.
In current AASHTO design practices, bridges are typically designed on an elemental basis. Each bridge component is treated separately, with analysis providing enveloped moments and forces representing a maximum limit state for the component. This approach is appropriately conservative and suitable for design. However, it does not provide a realistic analytical representation of the bridge structure. This representation is not important for the conservative design process, but is crucial for efforts to monitor bridge behavior and develop structural health monitoring systems. A baseline model, accounting for full system behavior, more realistically captures the structural behavior and can be compared to instrumented response under loading. Incorporation of a baseline model into long-term bridge management would provide a useful tool for design verification (Myrvoll et al., 2000) , condition assessment (Cuehlo, 2006) , long-term structural health monitoring and potential rehabilitations (Feng et al., 2004) using collected data from instruments deployed during construction.
The process of bridge design today, regardless of the method of project procurement, is for a designer to prepare a set of construction documents which include drawings, specifications, calculations, and special reports. In a design-bidbuild project, typical of U.S. public works construction, these construction documents are included in the bid documents. On the day of delivery, the analytical process largely stops, i.e. it is considered "complete". The graphic drawings may be updated to form an as-built set of documents. However, unless there is an extreme variation between design conditions and as-built field conditions, usually the analysis and design calculations are not updated. So in most projects, there is no feedback mechanism between what was designed and how it performed. This is essential information that the original designer usually never receives.
In the past, design calculations were prepared manually. The calculations represent documentation of the analytical design process that formed the decision making basis for the nature of the bridge; what type of beams, what size deck, and so on. Many state departments of transportation have vast storage sites full of calculation files. Some organizations have used data processing methods to better record the information. The design calculations could be submitted in the form of a baseline model accompanied by a prescribed, transparent documentation. Such a baseline model would be invaluable to future maintenance and evaluation of the bridge. Engineers could use the model to more easily and accurately perform load rating of the bridge and evaluate its structural health.
VERNON AVENUE BRIDGE IN BARRE, MASSACHUSETTS
Vernon Avenue over the Ware River in Barre, Massachusetts was constructed during the summer of 2009 and opened to traffic in September, 2009. Owned by the Town of Barre, the bridge was designed by Fay, Spofford & Thorndike and constructed by ET&L Corporation. Design and construction work was administered under the procedures and guidelines of the Massachusetts Highway Department. This bridge is a 47 meter, three-span continuous bridge, as shown in Figure 1 . It is comprised of a composite concrete deck supported by six steel girders. At the crossing site, the Ware River has a maximum stream depth of 3 meters. The 200 millimeter concrete deck was cast-in-place during a single continuous pour. The construction included seven diaphragms along the length of the bridge and a Town of Barre water line running underneath the bridge deck. The project instrumentation plan includes 100 strain gauges, 36 girder thermistors, 30 concrete thermistors, 16 bi-axial tiltmeters, and 16 uni-axial accelerometers at 13 stations across the span of the bridge, as shown in Figure 2 . These data sets will be collected using iSite® data acquisition boxes provided by Geocomp, INC. Strain sensors and thermistors are distributed along the length of each girder on both sides of the web with the exception of the exterior girders, which only have instrumentation on the interior face. Each girder was fabricated in two parts with a splice located just off the north pier. All iSite® boxes were clustered on the south end of the girders for ease of access to a power supply.
Structural models and engineering judgment were used to predict the location of inflection for static deflections, induced by a truck load. Instrumentation locations were selected by the research team and then reviewed by the bridge designers and management team. It was vital to get the input from all parties related to the life-cycle of the bridge in order to maximize the future benefit of this instrumentation plan.
The strain sensors were manufactured by Omega technologies. Strain gauges and thermistors were installed at the steel fabricator yard in Lancaster, Pennsylvania of High Steel, INC., a subconsultant to ET&L. The installation was done after steel fabrication was complete and prior to delivery to the construction site. Each gauge was environmentally protected and the wires were wrapped for transportation. Concrete thermistors were tied to reinforcing bars prior to the deck pour. Tiltmeters and accelerometers were installed at the bridge site after girder erection and deck casting but prior to commissioning. Throughout the construction process, the research team was grateful for the assistance and support of the bridge constructors and managers. For example, in the case of strain gauge installation, researchers had access to the steel yard where the girders were fabricated, and were able to spend several days installing and testing the gauges, prior to girder shipment from Pennsylvania to the bridge site.
SHM MONITORING DURING CONSTRUCTION AND BEYOND
Long term monitoring and recording of measurements from instrumentation is currently being performed remotely, with wireless transmission of data from on-site data acquisition boxes to a receiver in Boxborough, Massachusetts. The girders were instrumented prior to erection, in order to capture the initial strain values as the bridge girders were erected prior to the concrete deck pour. Data was collected periodically at key milestones during construction.
The first milestone was the continuous concrete deck pour conducted on 7 July 2009. A set of data was collected prior to and during the concrete pour when the only additional load on the girders was the weight of the wet concrete. At this point in the construction the concrete has not cured and therefore is not acting composite with the girders. Instead, the girders were acting as single elements that are connected in the transverse direction by steel diaphragms. As a result, this data set becomes of value for baseline model updating, since it captures locked in stresses prior to curing of the concrete deck. For indeterminate bridges, boundary conditions and diaphragms play a major role in presence of temperature changes. For this reason, the concrete pour data was used as a first step in the baseline model calibration and verification. The results of this research are further described below.
The second research milestone was a truck load test of the completed bridge conducted on 3 September 2009. The test used a three axle truck fully loaded dump truck. The test plan included 25 separate truck runs on the bridge, including two vibration tests. A Lieca® total station with tracking continuously located the truck along the length and width of the bridge. The truck was loaded with aggregate, weighing approximately 72 kips (36 tons). Truck runs were performed for: crawl speed, stopping, moderate speed, ambient temperature, and ambient vibration. Continuous strain, tilt, acceleration, temperature, and truck location measurements were taken for the duration of the experiments. Data was collected onsite via a computer connection to the iSite® boxes at a rate of 200 Hz. The results from this milestone are currently being an analyzed and will be reported at a later time.
STRUCTURAL MODEL CREATION FOR MODEL UPDATING
Creating a baseline finite element model for SHM and condition assessment requirements is much different than creating a model for design purposes. As previously discussed, the design model is appropriately conservative and suitable for component design with its assumptions and factors of safety. However, the design model is not intended to accurately evaluate the bridge's structural response. For example, boundary conditions, commonly considered as "fixed" or "pinned" in a design model, must be modeled with more accuracy for SHM and condition assessment. Stanton et al. (2008) acknowledges that AASHTO design specifications for elastomeric bearing pads are highly conservative and not experimentally verified. The conservative approach is suitable for design, but not helpful in an attempt to model true bridge performance.
At the most basic level of SHM for condition assessment, data collected from the structural response of the bridge is compared with the same measurements taken from a computer based model, and adjustments are made to the computer model to match measured values. All key components influencing structural behavior must be modeled for accurate comparisons. Advances in analytical modeling make it possible to realistically and economically include many features that are conservatively not evaluated as part of the traditional bridge design process. Currently, as part of this project, there are two types of finite element models (FEM) created to study the amount of details required to accurately capture the structural response of the bridge: a detailed FEM using shell and solid elements and a detailed FEM using frame and shell elements.
Bridge FEM using Shell/Solid Elements:
The first model is a finite element model consisting of solid elements representing the concrete deck and shell elements representing the steel girders, Figure 5 . Both the deck and beams are modeled using a very fine mesh. The cross section of the bridge was initially drawn in SAP2000® and then extruded along the length of the bridge. Based on previous research, environmental factors such as temperature can significantly affect strain readings taken under different weather conditions (Wipf, 1991) . The baseline model includes temperature gradients in order to capture the variation of stresses that develop in members due to changing temperatures. The creation of the baseline model was saved in stages in order to parallel the construction process. This allows the opportunity to calibrate the model throughout the construction process with the end goal being a highly accurate living model that can be used for bridge management. This model is being created to include every key detail of the bridge that could possibly be included and modeled using a finite element package, essentially the "perfect" bridge model.
Bridge FEM using Frame/Shell Elements:
The second model was developed using the bridge modeler in SAP2000® for the detailed geometry of the bridge. The structural model consists of beam elements to represent the girders and diaphragms, and shell elements to represent the deck, Figure 6 . The deck and girders joints are coupled to represent the composite action of the superstructure. After running the SAP bridge modeler routine, some refinement was used for the baseline modeling approach. A linear temperature gradient across the depth of the girders is added to account for strains during data collection due to changing weather conditions. These changes introduce additional internal forces in the model that more accurately capture the real behavior of the structure. The girders and diaphragms are all inserted into the model with a vertical offset at their local centroids. The diaphragms are laterally connected above the neutral axis of the girder. Similarly, the locations of boundary conditions are adjusted such that they attach to the bottom flange of the girders.
DATA COMPARISON
This section discusses data post-processing and comparison between the analytical responses and the collected strain data from the concrete pour. The strain gauges were zeroed on the morning of the concrete pour, ensuring that only the change in response was that caused by the addition of the wet concrete and environmental impacts. The main environmental impact for this condition is temperature, and those values were recorded. In order to establish a set of initial measurements the data was averaged over a period of five minutes prior to the beginning of the pour and at the end of the day once all machinery and personnel were removed from the bridge. The strain values recorded between these two points in time is the change in strain that was used to compare with the calculated response from both FEM's.
Two loading scenarios used in the analytical models were a uniformly distributed load representing the wet concrete with and without temperature effects. Temperatures in the concrete deck as well as the ambient air surrounding the steel girders were recorded along station 2 throughout the pour. The data showed that the temperatures in the deck increased steadily throughout the day due to heat of hydration. For this reason, a linear temperature gradient was applied to each steel girder. The temperature reading taken from the bottom of the concrete deck was used as the temperature at the top of the beam since the top flange is in contact with the concrete. The ambient air temperature measured under the bridge was then used as the temperature at the bottom of the steel girder. This applied temperature gradient produces both axial and bending deformations. How much the temperature affects the actual strain in the girders is directly dependent on the boundary conditions.
Traditionally, a combination of pins and rollers are used to represent the bearings for a bridge. From a design perspective, these boundary conditions are suitably conservative to approximate the physical behavior. However, for most bridges in Massachusetts and throughout the US, girders are supported by steelreinforced elastomeric bearing pads that have specific stiffness values based on their material properties. While there has been recent research on how to more accurately capture the rotational and axial stiffness for steel reinforced bearing pads (Stanton, 2008) , the initial data comparisons use typical roller and pin conditions. Looking at the boundary conditions as a whole, the abutment locations are modeled as pin conditions due to the fact that the abutments are very rigid and tend to restrain the girders. At the pier locations the girders rest on a sill plate which then rests on the bearing pad. This allows the girders to slide on the sill plate and therefore roller connections were used. Modeling of bearing pads using equations developed by Stanton et al. (2008) will be the focus of future work.
Results of the initial comparison between both FEM's and the concrete pour data are shown in Figures 7 and 8 . Figure 7 shows a comparison between the models and the data not including temperature in the models for a typical interior girder, while Figure 8 shows the comparison including temperature in the models. Both figures show the measured strain as well as the modeled strain values for shell/solid and frame/shell FEM's. An elevation of the bridge is shown directly above each graph to show where along the length of the bridge the strain values are located.
In both FEM's the support conditions are modeled at the bottom of the steel girders to represent the conditions in the field. Since the abutments are modeled as pin supports, offsetting the boundary conditions from the neutral axis generates axial forces when vertical loads are applied. These axial forces are further increased when the girders try to expand when exposed to changing temperatures. For this reason, the temperature loads have a significant effect on the strains in each girder. At first look of both the measured and modeled strain values, there was no symmetry between opposite girders. That is, the response of girder 1 did not match girder 6, girder 2 did not match girder 5, and girder 3 did not match girder 4. At this stage in the construction, the only asymmetric characteristic of the bridge was the different diaphragms that were located in the utility bay between girders 4 and 5. As a method of checking the validity of the model and the measured data, a numerical simulation was carried out replacing the utility bay diaphragms with similar diaphragms used in the other bays. Using the symmetric bridge system, the model strains also became symmetric. This verified that the utility bay diaphragms do affect the symmetric behavior of the strains throughout the girders. Another issue that was noticed during the initial data comparison was the behavior of the exterior girders. While the measured data for the interior girders showed similarities with the models, the measured data of exterior girders showed inconsistencies when compared to the model. After further investigation it is the opinion of the authors that this inaccuracy in the exterior girder comparison is due to the behavior of the formwork that overhangs the exterior girders during construction, Figure 9 . For the initial comparison, the overhang load that the freshly poured concrete exerts on the formwork was applied to the top of the steel girder. However, it appears that the overhang load is transferred through the formwork truss and then exerts a point load on the web of the girder. A special study of the exterior girders that examines how the overhang load is transferred into the exterior girders will be conducted prior to the final calibration of the FEM's.
Looking at Figure 7 , the measured strain is lower than the modeled strains near the pier locations, while the measured strain is higher than the modeled strain at the midspan location. Figure 8 shows that when temperature is included, the modeled strains decrease below the measured strains near the piers and increase higher than the measured strains at the midspan. The actual measured strains lie somewhere in between these two cases. One reason for this is that the current boundary conditions are modeled only at a single point, where as the bearing pads in the field have a significant diameter to them. This is important because the moment diagrams close to the piers have steep slopes, Figure 10 . A variation in distance can have a large effect on the moments and therefore the strains. Once the support conditions in the models are changed to represent the actual bearing pads, there is confidence that analytical strains will have a closer match with the measured strains. 
CONCLUSIONS AND FUTURE WORK
The instrumentation, modeling, and condition assessment program deployed at the Vernon Avenue Bridge will be used by the research team as a benchmark example showcasing the long-term bridge design process and the benefit to bridge management and asset allocation Two finite element models were created using shell/solid elements and frame/shell elements. The wet concrete was applied as a uniformly distributed load to the girders with no contributions to stiffness. Temperature effects due to changes in ambient temperature and the heat of hydration in the concrete deck was also modeled. Both computer model responses were compared with field strain measurements of the full scale bridge during the concrete deck pour while the concrete was wet. Measured and analytical predicted strains are shown for comparison at Girder 4, an interior girder. Both the shell/solid and frame/shell FEMs produced close estimates of the measured strain data. There are discrepancies in the responses of the exterior girders. It is contributed to stiffness contributions from additional scaffolding for supporting the deck overhangs and torsional effects.
It is shown that temperature effects play a major role in the response of bridges. Without modeling of temperature effects, the analytical models would have not matched with the data. Additional factors are modeling of the steel diaphragms and boundary conditions. Steel diaphragms introduce additional lateral elongations due to temperature increases. Since at this stage diaphragms are not placed at the neutral axis of the girders, they create some degree of twisting of the girders resulting in unequal strains in top flange strains to the right and left of the web. Modeling assumptions for boundary conditions plays a major role in magnitudes of the analytical responses.
Accurate modeling of the bearing pads as boundary condition in between pin and roller conditions is the focus of future work. It is expected that modeling of the bearing pads and the piers would reduce the differences between predicted and measured data with and without temperature effects.
